D e k h u ijz e n , P. N. R ich ard , G hislaine G ayan-Ram ir e z , A nja B isschop, V era De Bock, René Dom , a n d M arc D e c ra m e r, Corticosteroid treatment and nutritional depri v a tio n cause a different pattern of atrophy in ra t diaphragm, J. A.ppl, Physiol. 78(2): 629-637,1995.-Triamcinolone (TR) c a u se s type lib fiber atrophy in the rat diaphragm, which is associated with changes in contractile properties. We investi g a te d w hether this is a direct effect of TR or the result of an accom panying loss of body and diaphragm weights. For 6 wk, a d u l t ra ts received saline intramuscularly, TR (0.5 mg/kg im ), or nutritional depletion (ND) that resulted in a similar (~~40%) reduction in body weight as TR. In these animals, t h e half-relaxation time of the diaphragm bundles increased, t h e force-frequency relationship shifted leftward, and the re s is ta n c e to fatigue was increased. No histological changes w e r e found in the ND diaphragm, in contrast to severe myo g e n ic alterations in the TR diaphragm. Type lib fiber crossse c tio n a l area (CSA) in the TR diaphragm was reduced by 5 1 % , whereas type I and 11a CSAs were unaffected. In the N D animals, the CSAs of type I, Ha, and lib fibers were re d u c e d by 31, 33, and 52%, respectively. Similar changes o c c u rre d in the deep part of the m. gastrocnemius. In conclu s io n , myogenic changes and selective type lib fiber atrophy w e r e caused by TR, whereas ND induced generalized fiber t y p e atrophy without histological changes. triam cinolone; nutritional depletion; contractile properties; h isto p ath o lo g y R E C E N T ANIMAL s t u d i e s have demonstrated that ad m in istration of corticosteroids affects diaphragm (DIA) stru ctu re and function. Administration of triamcino lo n e (TR), a fluorinated steroid, caused myogenic ch a n g es and selective type lib fiber atrophy (6, 33) . I n these studies, severe loss of body and DIA weights occurred, up to ~30-40%. This degree of wasting on it s e lf , e.g., induced by nutritional depletion (ND), may c a u s e structural changes in the DIA, accompanied by abnorm alities in contractile properties (14, 15, 18, 30) . T h e s e studies, however, were discrepant with regard to t h e fiber types affected. Some studies showed selective t y p e II fiber atrophy (14, 15) . Conversely, in other stud i e s , both type I and type II fibers were affected by ND ( 1 8 , 30) . In the latter studies, a distinction between t y p e Ila and lib fibers was not made.
Lew is et al. (16) made a direct comparison of the c h a n g e s induced by weight loss and by treatment with dexam ethasone, another fluorinated steroid, and a p air-w eigh t group in hamsters. Dexamethasone (7.5 m g /k g sc daily for 3 wk) was accompanied by type II fib e r atrophy in the DIA, but a differentiation between t y p e Ila and lib fibers was not made. In addition, histo logical changes in the DIA were not addressed in the above-mentioned studies (14-16, 18, 30) .
The aim of the present study was, therefore, to fur ther differentiate the effects of loss of body weight in duced by the administration of TR from those produced by ND. Both the contractile properties of the rat DIA and the histology and morphology of the rat DIA and gastrocnemius muscle were studied, the latter includ ing changes in the size of type I, Ila, and lib fibers.
METHODS

Study Design, Animals, and Treatment
Thirty adult male Wistar rats, aged 14 wk and weighing 350-400 g, were randomized in triplets into one of three treatm ent groups: control (C; 0.05 ml/day of saline im), TR r 0f t r diacetate im), and ND (0.05 ml/ day of saline im and food restriction th at resulted in a similar weight loss as TR treatment).
For 6 wk, the animals were injected daily in the left hindlimb. The C and TR groups were fed ad libitum. The ND animals received ~25% of rat chow compared with the C animals because preliminary experiments had shown that this volume of food intake resulted in a similar rate of loss of body weight compared with the TR animals. No accurate measurements of food intake in the TR animals were made, but it appeared to be less than in the C animals. All animals were weighed thrice weekly. The animals were housed in individual cages in a temperature-controlled room. They had free access to water. Veterinary oversight, including regular observations of the health of the animals, was performed according to the Belgian National Guidelines of Animal Care.
After the treatm ent period, the contractile properties of the DIA and the histological and morphological characteristics of the DIA and gastrocnemius (GA) were examined.
Contractile Properties
Twenty-four hours after the last injection, the rats were anesthetized with pentobarbital sodium (Nembutal; 60 mg/kg ip). The animals were tracheotomized, and a tracheal cannula (polyethylene tubing PE-200) was inserted. The animals were mechanically ventilated with an O2-enriched gas mixture (tidal volume 5 ml, respiratory frequency 40 breaths/min; Harvard pump respirator, South Natick, MA).
The DIA was quickly removed through a laparotomy and immediately immersed in a cooled oxygenated Krebs solution containing (in mM) 137 NaCl, 4 KC1, 2 CaCl2, 1 MgCl2, 1 KH2PO4, 12 N aH C03, and 6.5 glucose. To avoid regional dif ferences in cross-sectional area (CSA) or fiber type propor tions as much as possible, two small rectangular bundles from the middle part of the lateral costal region were obtained 629 0161-7567/95 $3.00 Copyright © 1995 the American Physiological Society by dissection parallel to the long axis of the fibers. Silk su tures were tied to both ends of the bundle to serve as anchor ing points.
Each bundle was then placed w ithin the external chamber of a jacketed tissue bath containing Krebs solution, was maintained at 37°C, and was perfused with a 95% 0 2-5% C 02 mixture. The Krebs solution was changed with each new bundle. One end of the bundle was tied to a rigid support, and the other end was fastened to an isometric force transducer mounted to a micrometer. The muscle was placed between two large platinum stim ulating electrodes.
The bundles were placed at their optimal length (L0), de fined as the length at which the peak tw itch force was ob tained. This was followed by a 15-min thermo equilibration period. Stimulations were delivered through a Harvard SO SO 16 stimulator (Edenbridge, Kent, UK) connected in series to a power amplifier from power one model HS24-4.8 (R. J. Evans, University of Virginia). Stimuli were applied with a pulse duration of 0.2 ms and a train duration of250 ms. When the maximum twitch force (Pt) was achieved, the voltage was then increased to 120% (80-100 V) to ensure supramaximal stimulation. This voltage was subsequently used during all stimulations. Isometric force was m easured by means of a force transducer (Maywood, Hampshire, UK). The signal was amplified and recorded on a computer via an alo g-to -digit al conversion (DT2802-A) with Labdat software (Labdat/Anadat, RHT-InfoDat, Montreal, Quebec, Canada). Signal anal ysis was done with Anadat.
The following four m easurem ents were performed. Twitch characteristics. Two twitches were recorded at L0 to determine Pt, contraction time (CT), and half-relaxation time (RTiy2). Average values were used for further analysis.
Maximal tetanic force (.P0). Bundles were stimulated twice tetanically at 160 Hz for 250 ms to obtain a clear plateau in force generation (22, 26) . The values were expressed cor rected for muscle CSA (23, 29) (see below)* Force-frequency curve. Bundles were stimulated at the fol lowing frequencies: 25, 160, 50, 160, 80, 160, 120, and 160 Hz. Each stimulus was separated by a 2-min interval. Stimu lation at 160 Hz was interposed between each stimulus fre quency during the force-frequency curve to relate force output at a certain stimulus frequency to the maximal achievable force output at th at moment (23) because some decline in maximal force generation during the force-frequency protocol always occurs.
Fatigue properties. Fatigability was assessed in two differ ent ways. First, the force output at 160 Hz after each stimulus frequency during the force-frequency curve was measured. Second, bundles were fatigued by means of 330-ms stimula tions repeated every 2 s at 25 Hz for 5 min [modified after the method of Burke et al. (2) ].
After these measurements, each muscle bundle was re moved from the bath while its L 0 was kept similar to the experimental condition. Subsequently, its L0} thickness, and width were measured. The bundle was blotted dry and weighed. CSA was calculated by dividing weight by specific density (1.056) and muscle L0. Pt and P0 were expressed per unit CSA (23, 29) . The twitch-to-tetanic ratio (Pt/P0) was cal culated for each muscle bundle.
Finally, the remaining DIA tissue was trimmed, blotted, and weighed. The parasternal muscles (including the ster num and chondral parts of the ribs), right medial scalene muscle, and GA and soleus muscles from the right hindlimb were dissected, trimmed, blotted, and weighed, as were the two adrenal glands.
Histological and Histochemical Procedures
Muscle strips obtained from the costal region of the DIA and transverse sections from the midbelly of the GA of the right hindlimb were prepared for histopathological examina tion. Muscle samples were put into "tissue glue" (Tissue-Tek, Elkhard, IN) on a cork holder with the muscle fibers oriented perpendicularly to the surface of the cork. Proper orientation of the bundles was controlled by using magnifying glasses. Subsequently, these specimens were quickly frozen in isopentane cooled with liquid N2. Serial cross sections, parallel to the cork, were cut at 10-pm thickness with a cryostat kept at -20°C. Sections of each DIA and GA were taken for routine hematoxylin and eosin staining.
The other serial sections were stained for myofibrillar adenosinetriphosphatase after alkaline (pH 9.3) and acid (pH 4.5) preincubation. Muscle fibers were classified as type I, Ha, or lib fibers (7) . Slides preincubated at pH 4.5 offered the best separation of different fiber types and were subsequently used for further analysis.
Morphometric examination was carried out with a Leitz microscope (Wetzlar, Germany) connected to a digitizing board (Numonics 2207, Montgomeryville, PA) at X25 magni fication. Areas in which fiber orientation was not transverse to the long axis were not analyzed. The boundaries of individ ual muscle fibers were delineated, and the fiber CSA was determined from the number of pixels within the outlined fiber. At least 100 fibers of each DIA and deep (red) part of the GA were used to calculate the mean CSA of all fiber types.
Data Analysis
Two DIA bundles were obtained from each animal. Be cause variation between animals was as large as within ani mals, all bundles were used for statistical analysis as inde pendent cases. Data from the different treatment groups were compared by using two-way analysis of variance. Differ ences between means were assessed by using Duncan's multi ple range test. Statistical significance was set at P < 0.05. All analyses were performed by using the SPSS/PC + package. Values are means ± SD, unless specified otherwise.
R E S U L T S
Body and Muscle Weight
Body weight at the start of the study was not differ ent between the three groups (Fig. 1) . In the C group, Weight of the respiratory and peripheral muscles w a s significantly reduced in the TR and ND groups ( Table 1 ). In the TR animals, scalene and GA muscle w eights and the weight of the adrenal glands were de creased even more than in the ND group (P < 0.05). I n contrast, soleus muscle weight was affected more by N D (P < 0.05).
Diaphragmatic Contractile Properties
D IA bundle dimensions. Bundle dimensions are show n in Table 2 . The TR and ND bundles were sm aller, resulting in a lower bundle weight (P < 0.05).
Twitch characteristics and P0. The data of the con tractile properties of the DIA are summarized in Table  3 . P t and CT were similar in the three groups. RT1/2 i n the TR and ND groups was significantly prolonged compared with that in the C group (P < 0.05). P0 was n o t significantly different among the three groups. P J P 0 in the ND group was significantly higher than in C a n d TR groups (P < 0.05).
Force-frequency curve. The response of DIA strips to increasing stimulus frequencies is shown in Fig. 2 . W hen expressed in absolute values (in kg/cm2), no dif ferences were observed among the three groups. When expressed as a percentage of the 160-Hz stimulations before and after each stimulus frequency, however, a significant leftward shift of the TR and ND bundles at 25, 50, and 80 Hz was observed (P < 0.05).
Fatigue properties. DECLINE IN PD DURING THE FORCEf r e q u e n c y p r o t o c o l . In all groups, the force gener ated at 160 Hz during the force-frequency stimulation procedure decreased significantly. In the C, TR, and ND groups, the percentage decreases relative to the initial P0 were 8.0 ± 1.9 (SE), 5.0 ± 1.2, and 7.0 ± 3.4%, respectively. There were no significant differences among the three groups.
FATIGUE RUN. During low-frequency fatigue run, force generation in the TR and ND bundles was higher than that in the control group (P < 0.05; Fig. 3A ). A similar pattern was observed when values were expressed as percentage of initial forces (P < 0.05; Fig. 35 ).
Histopathology
Histological examination of hematoxylin-and eosinstained slides showed a normal muscular pattern in the DIA and GA of the C animals. No histological changes were observed in the DIA and GA of the ND group, but all fiber types appeared smaller than in the C group. In the TR group, however, profound myogenic changes were noticed, with an increased variation in the diameter of all fiber types, an increased amount of connective tissue, atrophy of type lib fibers, and an excess of nuclei (Fig. 4) . V 
Morphometry
Fiber type distribution was not changed by different treatments. In general, the DIA consisted of 40% type I fibers, 30% type Ila fibers, and 30% type lib fibers. The red deeper part of the GA consisted of ~30% type I fibers, -25% type Ha fibers, and ~45% type lib fibers.
Muscle fiber dimensions in both the DIA and GA were affected differently in the TR and ND groups. In the TR DIA, type lib fiber CSA was reduced by 51% (P < 0.05), whereas type I and Ila fiber CSAs were unaffected (Figs. 5, bottom, left and 6A) (Figs. 5, bottom right, and 6B) .
Figs. 5, middle left, and 6A). Similar changes were ob served in the GA
The relative contributions of the different fiber types to the total CSA in the DIA are presented in Fig. 7 . An increased percentage of total CSA was taken up by type I fibers in the ND group (34%) and in the TR DIA (35%) compared with 26% in the C group.
DISCUSSION
The present data show that TR and ND affect the rat DIA differently. TR treatment caused selective type lib fiber atrophy in the DIA. The prolonged RT1/2, the leftward shift of the force-frequency curve, and the rel ative resistance to fatigue during the force-frequency protocol were all consistent with type lib fiber atrophy. Similar changes in contractile properties were ob served in the ND DIA. However, the morphological changes were clearly different from the TR-induced ab normalities and consisted of atrophy of all fiber types. These differences in the pattern of fiber atrophy were confirmed by the changes in weight of the other muscles investigated. The weights of the scalene muscle and total GA, both consisting predominantly of type lib fi bers, were lower in the TR group than in the ND group. In contrast, the weight of the soleus muscle (consisting mainly of type I fibers) was lower after ND than after TR treatment. This implies that the observed differ ences in the pattern of muscle fiber atrophy are gener alized and consequently affect both respiratory and pe ripheral skeletal muscles.
Despite these distinct morphological changes induced by ND and TR, no significant differences in diaphrag matic contractile properties were found between these two groups. This may be explained by the fact that the contribution of the different fiber types to the total CSA was affected similarly in both groups (Fig. 7) .
The atrophy of all fiber types in the ND DIA in the present study is in line with some earlier reports (18, 30) but was not found by other investigators (14, 15) . (16) . They found a reduction in the CSA of ty p e II fibers (a differentiation between type Ila and lib fibers was not made), no significant decrease in type I fiber CSA, and atrophy of both type I and II fibers in the red GA. When considering these studies, it appears that the effects of glucocorticoid treatment on skeletal muscle morphology vary with the type and dosage of the steroid administered and the animal model used.
In the study by Kelsen et al. (14), a 4-wk period of ND in hamsters resulted in a loss of body weight and DIA weight of 25% of initial weight. Type Ha and lib fiber CSAs decreased by -20%, whereas type I fiber CSA did not change. After a similar loss of body weight in
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A pair-fed control group was not used in the present study. In the study by Moore et al. (23) , no significant differences were found in the DIA mass and contractile properties between a pair-fed and an ad libitum-fed group. Similarly, in the GA, the effects of TR and a pair-fed group were clearly different with regard to con tractile properties and fiber sizes, with the pair-fed group closely resembling the ad libitum-fed group (12) .
Although morphometric analysis in the present study was performed by using a standardized proce dure, fiber dimensions depend on the degree of shorten ing when the DIA is excised. Indeed, an excised DIA bundle will assume its equilibrium length, which may imply a shortening up to ~40% in dogs, associated with the loss of passive tension present in vivo (31), This, however, affects all fiber types and cannot be responsi ble for the differences in the patterns of fiber atrophy noticed in the present study.
The functional and morphological changes induced by TR are in line with previous reports regarding the effects of fluorinated steroids on the DIA (6, 32, 33 ). In these studies, higher doses were administered during shorter periods [TR: 3 mg/kg for 3 ( for fiber CSA, were similar among the three groups, total force generation by the DIA was decreased be cause the DIA weight was reduced by 40-45% in the TR and ND groups. A similar reduction in DIA weight (44%) was reported by Nachazel and Palecek (24), who studied the effects of hydrocortisone (60 mg/kg im for 8 days) on the breathing pattern in normal rats. Breathing pattern and arterial P co 2 at rest were unal tered, but the response to an increased ventilatory load was diminished in the steroid-treated animals. Further studies are required to investigate the occurrence of hypercapnia due to respiratory muscle weakness in duced by corticosteroid treatment and by ND.
The mechanism of the effects of chronic and acute nutritional deprivation on DIA morphology is, at pres ent, unclear. Muscle fibers with a mainly oxidative met abolic pathway are relatively resistant to ND-induced catabolism (28, 30) . This may explain why, in the pres ent study, ND affected type I and Ha fibers less than type lib fibers. Similarly, a clear explanation for the the selective type lib fiber atrophy in the DIA is not available. Fluorination of the steroid skeleton enhances all biological activities. The exact mechanism, however, by which fiuorinated steroids cause extensive muscle damage compared with nonfluorinated steroids is not known (6) . A difference in binding of TR and cortisol to cytoplasmatic proteins may contribute (21) .
Because of its continuous activity, the DIA was believed to be relatively spared with regard to the nega tive effects of both acute ND (13,19) and corticosteroids (13), in contrast to peripheral muscles such as the GA. In chronic ND, as in the present study, DIA morphology changed in a similar way as the GA. We did not exam ine the contractile properties of the GA, but, in a previ ous study by Gardiner et al. (12) , it appeared that changes similar to those observed in the DIA occurred in this muscle after a 6-wk period of food restriction, ND is frequently present in patients with chronic obstructive pulmonary disease (COPD) (1, 27) and may affect both respiratory and peripheral muscle functions (20, 27) . Besides ND, other factors such as hyperinfla tion, disturbances in blood gases, and cardiac failure may affect respiratory muscle function in COPD pa tients. Treatment with corticosteroids may also affect respiratory muscle function (3-5). An accurate assess ment of the contribution of ND and treatment with steroids to a further loss of function may be necessary under several circumstances to treat these patients ap propriately. The present study suggests that muscle biopsy and histological and histochemical analyses may add to an accurate diagnosis of the cause of muscle weakness. Moreover, if the patterns of fiber atrophy produced by ND and steroid treatment are entirely dif ferent, their effects on gene expression are likely to be different as well. This needs further study.
In conclusion, the present study shows that ND and TR affect the DIA in different ways. ND induced gener alized fiber atrophy in the DIA, whereas selective type lib fiber atrophy was induced by TR. Apparently, the steroid-associated histological changes are not induced by the loss of body weight or DIA weight alone. Similar changes occurred in the GA, indicating that in patients with COPD examination of a peripheral muscle biopsy may add to the differentiation between ND and steroidinduced respiratory and peripheral muscle weak nesses.
